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link the two transmembrane segments (3-14 amino acids). However, we have previously shown that the long intracellular domain in eukaryotic 5HT 3A and GABA-ρ1 receptors can be replaced by a heptapeptide (SQPARAA), the M3-M4 linker in GLIC inferred from multiple-sequence alignment studies, while retaining the ability of the receptors to fold, assemble and function as ligand-gated ion channels upon expression in Xenopus laevis oocytes (Jansen et al. 2008) . A comparable approach was utilized for the Caenorhabditis elegans glutamate-gated chloride channel α (GluClα) to obtain a crystallizable construct, in that the intracellular domain was replaced by a tripeptide (Hibbs & Gouaux 2011) . This first eukaryotic Cys-loop receptor structure of GluClα surprisingly showed a vertical alignment between the channel-lining transmembrane segment M2 and the transmembrane segment M3 that was distinct from the one observed in the Torpedo nAChR structure (Unwin 2005 , Unwin & Fujiyoshi 2012 .
Several previous studies have indirectly performed experiments that may be used to assess the question of the vertical alignment between M2 and M3 in nAChR. However, none of them discussed the vertical alignment and/or the discrepancies. The laboratory of Grosman investigated the Cα distances in muscle nAChR of residues along the M1, M2, and M3 segments to the pore's long axis with a single-channel proton-transfer technique and found that these transmembrane segments only rearrange minimally during gating (Cymes & Grosman 2008 , Cymes et al. 2005 . While the rates of proton transfer for pre-M2 residues indicated that M2
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This article is protected by copyright. All rights reserved. started closer to the N-terminus than predicted by the Torpedo model, the vertical alignment between M2 and M3 cannot be directly assessed by these measurements. Several recent highresolution NMR spectroscopy studies investigated the nAChR transmembrane domain. One studied the structure of the sole transmembrane domain (M1 to M4 segments) of the nAChR β2-subunit in hexafluoroisopropanol and arrived at the conclusion that the resulting four helix bundle "more resembled the structure of the TM domain in GLIC than that in the Torpedo β1 subunit" (Bondarenko et al. 2010) . It was observed that M2 started two residues closer to the Nterminus than in the Torpedo structure. Next, a water-soluble transmembrane domain derived from the nAChR α1-subunit and additionally designed to promote monomeric structure was studied by NMR (Cui et al. 2012) . This study specifically discussed the discrepancies in lengths of the various transmembrane segments between the NMR study of isolated individual transmembrane domains and the Torpedo structure. The latest NMR-derived structure resolved the transmembrane domains of α4 and β2 nAChR subunits in lauryldimethylamine-oxide (LDAO) micelles with comparable results. While none of the NMR spectroscopy papers directly addresses the discrepancies in their NMR-derived structures with the Torpedo structure with regard to the vertical alignment between M2 and M3, our analysis of the distances between the residues we investigated in the NMR-structures more closely resembles the distances observed in GluCl over those in Torpedo (Table 3) .
Since the transmembrane domain is of great importance for studies involving a multitude of allosteric modulators like alcohols, general anesthetics, neurosteroids and other synthetic and natural compounds, we sought to address experimentally the vertical alignment of M2 and M3 in nAChR with the present study. Here, we use disulfide trapping in α-subunits from mouse muscle
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nAChR, that have 77.3 % sequence identity and 88.1 % similarity with α-subunits from Torpedo nAChR (93.4 % identity and 100.0 % similarity, respectively, for the sequences covering M2 and M3), to probe the proximity between engineered Cys in these two transmembrane segments.
From our study that includes 13 Cys-pairs we conclude, that the vertical alignment/register of a homology model of muscle nAChR built on the crystallizable engineered GluClα construct is in agreement with our experimental data whereas the Torpedo nAChR structural models conflicts with our results.
Materials and Methods

Plasmids and Mutagenesis
Plasmid pSP64T carrying the gene for the mouse muscle nAChR α-subunit was used to generate mutations in the M2 and M3 transmembrane segments (Akabas et al. 1992) . Two endogenous Cys residues, αC192 and αC193, that form a disulfide-linked vicinal cystine at the tip of loop C the turn between antiparallel β strands 9 and 10 of the extracellular domain of all nAChR α-subunits, were replaced with serines to prevent interference from reducing or oxidizing these Cys during the conditions required for our cross-linking experiments (Stewart et al. 2006) . The M2 residue αT254 (12') was mutated to Cys in the αC192S/C193S background and this construct was used to introduce Cys residues in different positions of the M3 segment. We determined α-subunit M3 residues in close proximity (<13 Å) to M2 αT254C based on the structural model of Torpedo nAChR (αS288C to αV293C) and according to a homology model of mouse muscle nAChR that we built on the GluCl structure (αY277C to αV283C) (Hibbs & Gouaux 2011 , Unwin 2005 . Since α-subunits of mouse muscle nAChR and Torpedo marmorata only differ by 4 out of the 61 amino acids covering M2 and M3, distances calculated for the
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Torpedo structure or a homology model of muscle nAChR α-subnits based on the Torpedo structure are virtually identical. Mutations were introduced by polymerase chain reaction using the QuikChange II XL mutagenesis kit (Stratagene). DNA isolation was performed by using Wizard® Plus Minipreps or Wizard® Plus Midipreps DNA purification systems from Promega (Madison, WI). All mutant plasmids were sequenced to confirm the mutations and ascertain the absence of undesired mutations by automated DNA sequencing at Genewiz Inc. Plasmids were linearized (α− and γ-subunits with XbaI, β with SacI, and δ with BamHI) prior to in vitro mRNA transcription with SP6 RNA polymerase (SP6 mMessage mMachine kit, Ambion, Austin, TX).
mRNA was purified with the mMega Clear kit (Ambion), precipitated with ammonium acetate, dissolved in diethylpyrocarbonate-treated water, and stored at -80 °C.
Reagents
Acetylcholine (ACh) (Sigma) was prepared as 1M stock solution in water. Dithiothreitol (DTT) (Sigma) was dissolved in water to obtain a 1M stock solution and diluted into recording buffer, OR2 (in mM: 82.5 NaCl, 2 KCl, 1 MgCl 2 , and 5 HEPES; pH adjusted to 7.5 with NaOH), before each experiment. o-Phenanthroline (Sigma) was prepared as a 1M stock solution in DMSO on the day of the experiment. CuSO 4 was made as a 100 mM stock solution in water.
CuSO 4 and o-phenanthroline were mixed in OR2 before use to a final concentration of 100:200 µM Cu:Phen. Ethylene glycol tetraacetic acid (EGTA) (Sigma) was prepared as 0.5 M solution in water with a pH of 7.4 and was diluted to a concentration of 2 mM in OR2 before application.
Collagenase (Type 1A, Sigma) was prepared in Ca 2+ -free OR2 at a concentration of 2 mg/ml.
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Expression in X. laevis oocytes
Stage V-VI oocytes were defolliculated with a 75 min incubation in 2 mg/ml Type 1A collagenase (Sigma) in OR2 (in mM: 82.5 NaCl, 2 KCl, 1 MgCl 2 , and 5 HEPES; pH adjusted to 7.5 with NaOH). Oocytes were washed thoroughly in OR2 and kept in standard oocyte saline (SOS) medium (in mM: 100 NaCl, 2 KCl, 1.8 CaCl 2 , 1 MgCl 2 , and 5 mM HEPES, pH 7.5, supplemented with 1% antibiotic-antimycotic (100x) liquid (10,000 IU/ml penicillin, 10,000 µg/ml streptomycin, and 25 µg/ml amphotericin B; Invitrogen, Carlsbad, CA) and 5% horse serum (Sigma). Oocytes were injected 24 h after isolation with 50 nl (10 ng) of a 2:1:1:1 mixture of a mouse α:β:γ:δ subunit mRNA and kept at 16°C. Mutant subunit mRNA was substituted for wt α-subunit where necessary.
Two-electrode Voltage Clamp (TEVC) Experiments
Electrophysiological recordings were conducted 3-5 d after injection at room temperature in a ∼250 µl chamber continuously perfused at a rate of 5-6 ml/min with Ca 2+ -free OR2. Currents elicited by ACh applications were separated by at least 6 min of wash period with the running buffer for the oocytes to be able to completely recover from desensitization. Currents were considered to be stable if the variation between consecutive I Ach varied by ≤ 10-15%. All experiments were performed on at least 3 oocytes from two different batches of oocytes.
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This article is protected by copyright. All rights reserved. DTT effect -10 mM DTT was applied for 2 min, once stable ACh EC 20-50 test currents (I) were achieved for each oocyte. The current was recorded again (I DTT ) after washing the oocyte for 6 min. Changes in ACh-induced current amplitude upon application of DTT were calculated as follows: percent % = (I DTT /I) X 100 and effect % = ((I DTT -I)-1) x 100.
Cu:Phen effect -After DTT treatment as described above, a stable ACh response was recorded, and subsequently, oocytes were super-fused with the redox catalyst Cu:Phen (100:200 µM) (Kobashi, 1968) solution for 2 min and two more ACh test pulses (I Cu:Phen ) were applied after a 6 min washout period. To confirm that the Cu:Phen effect was due to the formation of disulfide
bonds and not to the binding of Cu 2+ to the receptor, 2 mM EGTA was applied for 2 min to chelate possibly bound heavy metals from the receptor. Two ACh pulses were used after EGTA treatment. Inhibition of the current due to disulfide bond formation by Cu:Phen application was normalized to wild-type and calculated as: percent % = (I Cu:Phen /I) X 100 and effect % = ((I Cu:Phen -I)-1) x 100.
A second application of 10 mM DTT for 2 min was used to test for the reversibility of the Cu:Phen effect.
Statistics
The effect of each reagent on mutant receptors was compared with that obtained with wildtype receptors using one-way ANOVA and Dunnett's multiple comparison test (Prism 5.0;
GraphPad Software, San Diego, CA).
Homology modeling and alignments
Sequence identities and similarities were calculated with EMBOSS Needle -Pairwise Sequence Alignment (http://www.ebi.ac.uk/Tools/psa/emboss_needle/). Homology models for all subunits of mouse muscle nAChR were built based on the recently published X-ray crystal structure of Caenorhabditis elegans glutamate-gated chloride channel α (GluClα) (Hibbs and Gouaux, 2011 
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Viewer 4.0.4, http://spdbv.vital-it.ch) (Guex & Peitsch 1997 , Schwede et al. 2003 . Figures were rendered with PyMOL 1.3 (http://www.pymol.org).
Results
Single Cys mutant and all double Cys mutants are functional.
To create the double Cys mutants required for intra-subunit Cys cross-linking studies between the transmembrane segments M2 and M3 in muscle nAChR, we decided to utilize the α-subunit.
This subunit appears twice in the hetero-pentameric receptor assembled in a clock-wise fashion when viewed from the extracellular side αγαβδ, whereas the other three subunits are only present once ( Fig. 1) . Therefore, the effect of cross-linking may be observed more readily in α-subunits. We chose to mutate position M2 αT254 to Cys. This position corresponds to the 12' position, based on the prime numbering system for M2 that denotes an absolutely conserved cationic residue in eukaryotic Cys-loop receptors towards the cytoplasmic N-terminal end of M2 with 0', and gives increasing numbers moving in C-terminal direction towards the extracellular side. The numbering of equivalent positions in M2 was introduced by Miller (Miller 1989) . For the nAChR α-subunit 0' corresponds to αK241 and 20', the conserved extracellular ring of charge position in M2, to αE262. Based on the Torpedo nAChR model the 12' position is in the cytoplasmic half of the M2 segment, facing away from the channel lumen towards the M3 segment of the same subunit ( Fig. 1(b) ). We determined the α-subunit M3 residues in close proximity to M2 T254 (<13 Å between α-carbons) based on the Torpedo nAChR model (αS288 to αV293, SIIITV) and according to a homology model of mouse muscle nAChR that we built on the GluCl structure (αY277 to αV283, YMLFTMV) ( Table 1 , Fig. 2 ). Two sets of double Cys mutants, covering six or seven consecutive positions in M3, respectively, were generated,
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αT254C+αY277C to αT254C+αV283C based on our homology model built on the GluCl structure, and αT254C+αS288C to αT254C+αV293C based on the Torpedo structure.
All constructs including wild-type had the background mutation αC192S-C193S to avoid interference from reducing the extracellular disulfide bridge between the vicinal Cys that form a cystine in loop C under our experimental conditions (Stewart et al. 2006 (Table 2) . Two mutants of the GluCl set, αT254C+αY277C and αT254C+αM282C, and three mutants from the Torpedo set, αT254C+αS288C, αT254C+αI289C and αT254C+αT292C, had significantly different maximum current amplitudes as compared to wild-type upon ACh application (Table 2) .
Absence of preformed disulfide bonds in Cys mutants.
To investigate intrasubunit disulfide bond formation between engineered Cys pairs, one Cys in M2 and one in M3, in the muscle nAChR α-subunit, we measured the effect of reducing and oxidizing treatments on ACh-induced current amplitudes. We compared the current amplitude before and after reducing and oxidizing treatments. It is possible that disulfide bonds between the engineered Cys-pairs are pre-formed during folding of subunits, assembly of subunits, trafficking of pentameric receptors to the plasma membrane, or while the receptors are residing on the plasma membrane, and that such an oxidation does not require the presence of exogenous 
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response after reducing agent was between 94 ± 8 and 106 ± 2%. These percentages correspond to an effect between -11 ± 4 to -1 ± 2% in the case of GluCl-based mutants (277-283), and -6 ± 8% and +6 ± 2% effect for the Torpedo-based constructs (288-293). We infer that spontaneous formation of disulfide bonds between Cys did not occur in any of our constructs.
Disulfide bonds form upon treatment with Cu:Phen in two double mutants.
To investigate whether disulfide bond formation could be induced under more oxidizing conditions, we applied the redox catalyst Cu:Phen (100:200 μM, 2 min). Cu(II)(1,10 phenanthroline) complexes lead to the formation of oxyradicals (hydroxyl radical and superoxide anion) out of ambient oxygen dissolved in buffers. The oxyradicals reach the vicinity of Cys sulfhydryls by diffusion and generate Cys sulfhydryl radicals that can subsequently yield disulfides upon collision with a second thiol(-radical) (Careaga & Falke 1992b) . After stable ACh responses were obtained, we measured the effect of Cu:Phen application on ACh-EC 50 -induced current amplitudes. Fig.4 and Fig. 5(b) illustrate the experimental results for wild-type, single mutant and double mutants. Current amplitudes after Cu:Phen application for wild-type and the single mutant T254C were 80 ± 3 and 80 ± 3%, respectively. For the double mutants based on the Torpedo-model they ranged between 77 ± 4 and 92 ± 6% of the initial response, indicating no significant effect of oxidizing agent on these mutants. The effect of Cu:Phen was a reduction between -3 ± 4 and +7 ± 11% for the double mutants after normalization towards wild-type. On the contrary, double mutants from the GluCl-based constructs showed 54 ± 3% to 121 ± 6% of the initial response, corresponding to an effect of -26 ± 3 to 40 ± 7%. Upon statistical analysis using one-way ANOVA with Dunnett's multiple comparison test comparing all 13 double
mutants and the single T254C mutant with wild-type, two double mutants, namely αT254C+M278C (-26 ± 3%) and αT254C+L279C (+40 ± 7 %) were different from wild-type.
We infer that for the two double mutants αT254C+M278C and αT254C+L279C Cu:Phen application induced the formation of a disulfide bond with the M2 Cys T254C. To rule out that chelation of Cu 2+ by the Cys pairs was responsible for the change in ACh-induced current amplitudes after oxidizing agent application, we applied the chelator EGTA (2 mM, 2 min). The EGTA effect on ACh-induced current amplitudes was 1 ± 2 % for αT254C+M278C and -9 ± 3 % for αT254C+L279C, indicating that EGTA was not able to recover the current amplitudes. On the contrary, DTT, that is a reducing agent in addition to being a weak chelator, increased the current amplitudes by 29 ± 1 % for αT254C+M278C and decreased them by 47 ± 11 % for αT254C+L279C. For both double mutants DTT application was able to restore the current amplitudes to initial levels. The redox chemistry of the Cys likely first leads to the intermediate oxidation state of sulfenic acid (CYS-SOH), from which disulfides that can be reduced with DTT or additional oxidation products like for example sulfinic acid (CYS-SO 2 H) and sulfonic acid (CYS-SO 3 H) that cannot be reduced back to Cys-SH with DTT are formed (Rehder & Borges 2010) . Therefore, the reversibility by DTT clearly indicates that the effect of oxidation is mainly due to disulfide bond formation.
Discussion
The aim of the present study was to experimentally probe the vertical alignment between the transmembrane segments M2 and M3 in nAChR to address a discrepancy between the Torpedo nAChR model and the recently published GluClα structure in this area (Unwin 2005, Hibbs & 
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This article is protected by copyright. All rights reserved. interleukin-2 receptor, while retaining the ability of the whole receptor to function as a ligandgated ion channel upon expression in X. laevis oocytes (Tobimatsu et al. 1987) .
Disulfide trapping has been widely applied to investigate proximity and mobility of engineered Cys-pairs in both soluble and membrane proteins (Careaga & Falke 1992b , Falke & Koshland 1987 , Matsumura et al. 1989 , Pakula & Simon 1992 , Zhan et al. 1994 , Gruber & Capaldi 1996 , Danielson et al. 1997 , Krovetz et al. 1997 , Yu et al. 1999 , Elling et al. 2000 , Shapovalov et al. 2003 , Horenstein et al. 2005 , Horenstein et al. 2001 , Bera & Akabas 2005 , Chen et al. 2006 
This article is protected by copyright. All rights reserved. Yang et al. 2007 ). Here, we use disulfide bond formation as a measure for proximity. The maximum C β -C β distance observed in protein disulfide bonds is 4.6 Å (Sowdhamini et al. 1989) .
Therefore, for a disulfide bond to form, the respective Cys β-carbons have to come within 4.6 Å of one another. Additional constraints arise from factors like side-chain bonding, local steric barriers, and orientational constraints resulting from the transition state (Careaga & Falke 1992b , Careaga & Falke 1992a . Generally, the separation distance of the α-carbons is assessed, and expected to be <5.6 Å for disulfides to form. In the present study, we constructed pairs of engineered Cys residues with site-directed mutagenesis, with one Cys in the muscle nAChR α- 
Cu:Phen effects, indicating that chelation of Cu 2+ by one or more engineered Cys and/or other amino acids did not significantly contribute to the Cu:Phen effect on ACh-induced current amplitudes. Importantly, double Cys mutants that should have had their Cys in a favorable distance if the Torpedo structure were to be correct could not be cross-linked.
When the initial coordinates based on the electronmicrocopic studies of two-dimensional crystals of Torpedo nAChR were released (PDB# 1OED), an extended remark was included in the coordinates file "The link between M1 and M2 was poorly resolved and the trace here is almost certainly wrong in detail. … Users should bear in mind that because of the limited resolution the conformations of the side chains and their atomic coordinates are not individually reliable. Also the ends of the helices are uncertain by at least one residue" (Miyazawa et al. 2003) . The location that was described as the most problematic one, the M1 and M2 loop, is exactly where the discrepancy between the Torpedo atomic model and the GluCl structure originates. Hibbs and
Gouaux noted "that in the α-subunit M2 pore-lining helix and the M3 α-helix, the nAChR amino acid assignment is off in register by 4 residues or ~1 turn of an α-helix beginning with the M1-M2 loop" (Hibbs & Gouaux 2011) . Importanty, a similar discrepancy between amino acid and structure-based alignment had been previously observed and described for the comparison between GLIC and nAChR (Corringer et al. 2010) .
As stated earlier, the interface between the extracellular domain and the transmembrane domain is crucial for coupling ligand binding to gating. Coupling involves the M2-M3 linker, the β1-β2
loop, the β8-β9 loop, the Cys loop and the pre-M1 linker (Lee & Sine 2005 , Reeves et al. 2005 , Mercado & Czajkowski 2006 . In nAChR mutant cycle analysis has shown functional coupling
between Glu45 and Val46, located in the β1-β2 linker, to Ser269 and Pro272, part of the M2-M3
loop (Lee & Sine 2005) . Pro272 has also been implicated as a cis-trans isomerization switch for channel activation (Lummis et al. 2005) . Based on the proximity of the residues in the 2BG9 cryo-EM structure, where Glu45 and Val46 straddle Pro272, it was inferred that the coupling was direct as opposed to allosteric. However, distant allosteric coupling has been observed in nAChR by mutant cycle analysis for positions separated by 50-60 Å (Gleitsman et al. 2008 ). This demonstrates that mutant cycle analysis does not necessarily require physical proximity of mutant cycle interacting residues. Functional coupling between residues that are far apart has been commonly seen (Alexiev et al. 2000) . Our results imply a shift in the vertical alignment between M2 and M3 as compared to the 2BG9 Torpedo nAChR model. This will change the M2-M3 linker interactions in the GluClα-based nAChR homology model. An additional complication for the homology model is that sequence alignments suggest that the GluClα M2-M3 linker is one amino acid shorter than in the nAChR. In the mouse nAChR model based on GluClα, Glu45 and Val46 straddle Pro264. In this model Glu45 forms a salt bridge to Arg209 in the pre-M1 linker; this links together the inner and outer β-sheets of the extracellular domain (Lee & Sine 2005) . These residues are conserved in the Cys-loop superfamily (Mercado & Czajkowski 2006) and are crucial for gating in both models.
In summary, our experimental data are in agreement with the vertical alignment between M2 and M3 as obtained in a homology model of muscle nAChR based on the recently published GluClα structure, but not as in the Torpedo nAChR structural model. Since the vertical alignment between the prokaryotic GLIC and GluClα is in agreement, our current study implies the same alignment between all Cys-loop receptor homologues, both prokaryotic and eukaryotic. Overall,
amino acids are shifted by four positions for the M2 and M3 segments, each, leading to the register between the two segments to be different by two α-helical turns when Torpedo nAChR and GluCl are compared. If the muscle nAChR is homology-modeled on the recently published GluClα structure this leads to all M2 residues moving up the α-helix by four residues towards the extracellular side and consequently all M3 residues moving down by four residues towards the intracellular side. Due to the low resolution of the 2BG9 Torpedo nAChR electron density, it is reasonable to model the relative orientation between M2 and M3 as described in the present study. Our study is limited in that we focused on the vertical alignment between M2 and M3.
However, our observations can be used to interpret previous studies and it provides a model on 
This article is protected by copyright. All rights reserved. For all mutants the concentration that induces a half-maximal response, EC 50 , was determined by applying successively higher ACh concentrations in two-electrode voltage clamp experiments, and using the current amplitude as readout. Currents were normalized to the highest obtained current (I max ) for each oocyte and fitted to obtain EC 50 and n H . The numbers of independent experiments are given with n. *** indicates significantly different from wild-type (p<0.001) using one-way ANOVA and Dunnett's multiple comparison test.
the GluCl set are shown. (b) Data for wild-type and the mutants with the lowest and highest EC 50 for the Torpedo set are shown. Currents were normalized to the ACh maximum response for individual oocytes. The data were fit to a sigmoidal dose-response curve shown by the solid line.
Points represent the averages (±SEM) from at least 3 oocytes. One-way ANOVA with Dunnett's post-test vs. the initial DTT application shown as ** for p < 0.05, and *** for p < 0.001.
